We employ classical molecular dynamics calculations based on density-functional theory molecule-surface interaction potentials to study H-coverage effects on H 2 dissociative adsorption on Pd͑100͒. In contrast with one of the basic assumptions of the widely used Langmuir model, we have found that a single isolated H-vacancy is enough to spontaneously dissociate low-energy H 2 molecules on H-covered Pd͑100͒. We also show that for a given initial coverage ͑e.g., ⌰ =1/ 2͒, the dissociative adsorption probability of low-energy H 2 molecules can vary by a factor of five depending on the particular arrangement of the H adatoms on the surface.
Dissociative adsorption of H 2 is a prerequisite for heterogeneous catalytic hydrogenation, H storage, and many other technologically relevant processes ͑see, e.g., Ref. 1 and references therein͒. This has motivated many theoretical studies, most of which have been focused on the interaction of H 2 with clean metal surfaces. However, under conditions of practical interest, adsorption takes place on partially covered surfaces.
Experimentally, coverage effects have been traditionally investigated by measuring the dissociative adsorption probability, P diss , by differentiation of the coverage, ⌰ ͑i.e., the number of adsorbates per topmost layer surface atom͒, as a function of exposure. Thus, P diss ͑⌰͒ represents an average over all the possible local arrangements of adatoms ͑consis-tent with ⌰͒ at the experimental conditions which make difficult the comparison with theory. Such P diss ͑⌰͒ curves are always ultimately rationalized ͑irrespective of the surface structure͒ using the Langmuir model which assumes that two ͑or more generally n Ն 2͒ nearest-neighbor ͑NN͒ empty adsorption sites are required for a diatomic molecule to dissociate ͓so, p͑⌰͒ = P diss ͑⌰͒ / P diss ͑⌰ =0͒ = ͑1−⌰͒ n ͔ ͑Ref. 2͒ or introducing additional hypotheses to account for precursor mediated adsorption. 3 For H 2 / Pd͑100͒ it was found that p͑⌰͒ Ͼ ͑1−⌰͒, 4 whereas for H 2 / Pd͑111͒ p͑⌰͒ Ͻ ͑1−⌰͒. 5, 6 In other words, H adatoms passivate Pd͑111͒ more efficiently than Pd͑100͒. Obviously, this surface structure effect cannot be understood through the simple empirical models mentioned above. Low-temperature scanning tunneling microscopy ͑STM͒ is a complementary tool allowing to measure the sticking coefficient for surface patches with particular arrangements of adatoms and vacancies. This technique has been applied for the first time to H 2 / Pd͑111͒. 7, 8 It was found that on a H-covered Pd͑111͒ surface offering two nearest-neighbor vacancies ͑NNVs͒ P diss is negligible, and even on aggregates of three, four, and five NNV, P diss is much smaller than on a similar patch of clean Pd͑111͒. 7 This has motivated various theoretical investigations based on density-functional theory ͑DFT͒ calculations 9 as well as Ab Initio Molecular Dynamics ͑AIMD͒ simulations. 10 The extremely low reactivity of two NNV in H-covered Pd͑111͒ was attributed to the fact that at least one Pd atom with no direct interaction with preadsorbed H atoms is required to act as an active dissociation site for Pd͑111͒. 9 To understand the origin of the surface structure dependence of H-coverage effects for H 2 / Pd, we have investigated H 2 / Pd͑100͒ by using classical molecular dynamics ͑MD͒ calculations based on DFT molecule-surface interaction potentials. We show that, in contrast with the basic assumption of the Langmuir model, a single isolated H-vacancy is enough to spontaneously dissociate H 2 on H-covered Pd͑100͒. Together with previous results for H 2 / Pd͑111͒, [7] [8] [9] [10] our findings are in line with the surface structure dependence of H-coverage effects for H 2 / Pd obtained in experiments. [4] [5] [6] We have also found that even for a given coverage ͑⌰ =1/ 2͒, at low energies P diss can vary by a factor of 5 depending on the particular arrangement of the adatoms on Pd͑100͒ which highlights the limitations of simple models based only on the knowledge of the average surface coverage ⌰. We expect our surprising predictions will stimulate further STM investigations of H-coverage effects for H 2 / Pd͑100͒.
For H/Pd͑100͒, the DFT predictions ͑present work and Refs. 11-14͒ with respect to the hollow site as the energetically most favorable adsorption site and its corresponding adsorption energy are both in good agreement with experiments. 4, 15, 16 We have computed P diss as a function of the molecular impact energy, E i , for all the arrangements of adatoms shown in Fig. 1 . These structures will be referred to as ͑a͒ Pd͑100͒- DFT calculations were carried out with the Vienna Ab initio Simulation Package ͑VASP͒ ͑Refs. 17-20͒ that uses a plane wave basis set for the electronic orbitals. Electronic exchange and correlation was described within the generalized gradient approximation proposed by Perdew and Wang. 21 The Pd͑100͒ surface has been represented by a fourlayer slab and the interaction between valence electrons and the atomic cores was described within the projected augmented wave method 22 implemented in VASP. 23 The energy cutoff was 350 eV and electronic smearing was introduced within the Metfessel and Paxton scheme with N = 1 and = 0.2 eV. 24 We have used a 5 ϫ 5 ϫ 1 k points grid and all the calculations were spin restricted. Various tests showed that our DFT total energies are well converged; errors being smaller than the typical ones of the interpolation schemes used to obtain continuous representations of the potentialenergy surfaces ͑PESs͒ ͑see below͒. We have first optimized the distance between the Pd layers and the height of the H overlayer. Then, to compute the H 2 / Pd͑100͒-H PESs, Pd and H adatoms were kept fixed in their optimum positions. Throughout this work, ͑X , Y , Z͒ are the Cartesian coordinates of the molecular center of mass, r is the H-H distance, and are, respectively, the polar and azimuthal angle of the internuclear vector and the reference energy level ͑V =0͒ always corresponds to H 2 at equilibrium ͑r = r eq = 0.75 Å͒ far from the surface. Figure 2 shows 2D͑Z , r͒ cuts of the PESs of H 2 interacting with: ͑a͒ clean Pd͑100͒ ͑Ref. 25͒, ͑b͒ Pd͑100͒-H 1/4 , ͑c͒ Pd͑100͒-H 1/2 ͑1 ϫ 2͒, ͑d͒ Pd͑100͒-H 1/2 c͑2 ϫ 2͒, and ͑e͒ Pd͑100͒-H 3/4 . For ⌰ = 0, nonactivated dissociation pathways do exist on top ͑t͒ and bridge sites whereas dissociation over h sites is slightly activated. For ⌰ =1/ 4, the presence of the H adatoms introduces a large repulsion for the incoming molecule close to ho sites. This eliminates the nonactivated dissociation pathways on b 1 sites. Though on t sites the PES is much less affected, dissociative adsorption also becomes slightly activated. In contrast, 2D͑Z , r͒ cuts of the PES on h and b 2 sites for Pd͑100͒-H 1/4 are barely modified with respect to the ones for clean Pd͑100͒ on h and b sites, respectively. For H 2 / Pd͑100͒-H 1/2 ͑1 ϫ 2͒, 2D͑Z , r͒ nonactivated pathways still exist on b 2 sites. However, for Pd͑100͒-H 1/2 c͑2 ϫ 2͒ and Pd͑100͒-H 3/4 , there is no longer b 2 sites within the ͑2 ϫ 2͒ unit cell and all 2D͑Z , r͒ non activated dissociation pathways are definitively lost. 26 The effect of the H adatoms on the H 2 / Pd͑100͒-H 1/4 PES can be accurately accounted for by introducing a pairwise potential, V H-H , between the atoms of H 2 and the adatoms. Thus, we have built the PES for ⌰ =1/ 4, V ⌰=1/4 6D , using the expression
where V 0 6D is the 6D PES for clean Pd͑100͒ ͑Ref. 25͒ obtained by using the corrugation reducing procedure ͑CRP͒.
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In Eq. ͑1͒, ij is the distance between the ith H adatom and the jth atom of H 2 ͑periodic images of the adatoms are included in the sum͒. We have used the V H-H potential that minimizes the deviations with respect to DFT energies Ͻ0.6 eV ͓i.e., near the 2D͑Z , r͒ minimum energy paths͔ for H 2 parallel to Pd͑100͒-H 1/4 and with its center of mass on the ho site. 26 Figure 2͑f͒ shows the resulting repulsive V H-H ͑͒ potential that becomes almost negligible for Ͼ 2.8 Å ͑i.e., the NN Pd-Pd distance͒.
For ⌰ =1/ 2, Eq. ͑1͒ is still qualitative adequate but predicts interaction energies slightly too low compared with the DFT results. So, the PESs for H 2 / Pd͑100͒-H 1/2 ͑1 ϫ 2͒ and H 2 / Pd͑100͒-H 1/2 c͑2 ϫ 2͒, hereafter referred to as V 1ϫ2 6D and V c͑2ϫ2͒
6D
, respectively, were interpolated by using the standard CRP ͑Ref. 27͒ but subtracting not only the H-clean Pd͑100͒ potential but also the sum of pairwise potentials V H-H of Eq. ͑1͒, in order to reduce the corrugation of the DFT data. Finally, for ⌰ =3/ 4 we also employed Eq. ͑1͒ but using V c͑2ϫ2͒ trajectories and considered that dissociation takes place whenever r reaches 2.25 Å and dr / dt Ͼ 0. As expected, P diss decreases when ⌰ increases. The most striking result is that dissociative adsorption is non activated on Pd͑100͒-H 3/4 , in spite of the fact that there are only isolated h sites on the surface. Actually, the fact that at low energies, P diss ϳ 0.15 on Pd͑100͒-H 1/2 c͑2 ϫ 2͒ despite of the absence of NNVs is also unexpected. The existence of nonactivated dissociation pathways on Pd͑100͒-H 1/2 c͑2 ϫ 2͒ and Pd͑100͒-H 3/4 was further confirmed by using the nudged elastic band ͑NEB͒ method 28 ͑directly coupled to DFT calculations͒ starting from an initial sequence of images taken from one of the reactive trajectories for E i = 10 meV ͑further details will be given elsewhere 26 ͒. The reaction pathways ͑RPs͒ coming out from the NEB calculations for Pd͑100͒-H 1/2 c͑2 ϫ 2͒ and Pd͑100͒-H 3/4 , which are very similar to each other, are shown in Fig. 4 as well as some molecular configurations along the RP for ⌰ =3/ 4. First, the molecule approaches parallel to the surface on a t site ͑panel b-A͒, then it tilts and simultaneously goes to a site between t and h ͑panels b-B and b-C͒, and finally dissociates parallel to the surface with its center of mass close to a h site with the internuclear vector pointing toward b 1 sites ͑panel b-D͒. Additional NEB calculations for a 3 ϫ 3 unit cell ͑not shown͒ with a single vacancy ͑i.e., ⌰ =8/ 9͒ also give a very similar nonactivated RP.
At low coverages ͑⌰ = 0 and ⌰ =1/ 4͒ only a small fraction of trajectories become dynamically trapped. Thus, dissociative adsorption is essentially a direct process ͑still most of the trapped molecules dissociate͒. At low energies, the fraction of dynamically trapped trajectories increases when ⌰ increases. For Pd͑100͒-H 1/2 ͑1 ϫ 2͒, the efficacy of dynamic trapping to promote dissociation is also high and ϳ80% of the dissociation events takes place after dynamic trapping. However, on Pd͑100͒-H 1/2 c͑2 ϫ 2͒ and on Pd͑100͒-H 3/4 there are even more dynamically trapped molecules, but this indirect mechanism becomes less effective as dissociation promoter because of the large suppression of energetically accessible dissociation pathways: a large fraction of trapped trajectories are finally reflected. This is why the most pronounced nonmonotonic behavior of P diss ͑E i ͒ is found on Pd͑100͒-H 1/2 ͑1 ϫ 2͒. Following the evolution of reactive trajectories at low energies, we observed that for ⌰ = 0 the majority of the molecules dissociate over b and t sites. On Pd͑100͒-H 1/4 and Pd͑100͒-H 1/2 ͑1 ϫ 2͒, most of dissociation events take place near b 2 sites with H atoms dissociating toward NN h sites. In contrast, on Pd͑100͒-H 1/2 c͑2 ϫ 2͒ and Pd͑100͒-H 3/4 , dissociation events can only take place for those molecules that approach parallel to the surface around t sites ͑up to Z ϳ1.75 Å͒ and are then redirected toward h sites ͑changing the tilt angle ͒, so avoiding the activation barriers present in the entrance channel on h sites ͓Fig. 2͑e͔͒. Thus, the reduction in P diss on Pd͑100͒-H 1/2 c͑2 ϫ 2͒ with respect to Pd͑100͒-H 1/2 ͑1 ϫ 2͒ by a factor of ϳ5 at low energies, is essentially due to a strong suppression of direct dissociation because of the disappearance of b 2 sites on which dissociation is more straightforward. In other words, two NNVs largely enhance direct dissociation in line with the Langmuir model. Still, H 2 dissociative adsorption remains a non activated process even on a single vacancy on H-covered Pd͑100͒. Interestingly, the very different values of P diss for surface patches with H adatoms forming c͑2 ϫ 2͒-and ͑1 ϫ 2͒-like structures might be detected in low-temperature STM experiments. 7, 8 In connection with this, it is important to mention that the energy per 2 ϫ 2 unit cell of Pd͑100͒-H 1/2 c͑2 ϫ 2͒ is ϳ0.09 eV lower than for Pd͑100͒-H 1/2 ͑1 ϫ 2͒, in line with the c͑2 ϫ 2͒ structure observed in low-energy electron diffraction experiments for H/Pd͑100͒ for ⌰ =1/ 2. 4 It might be argued that our conclusions could change if energy transfer with the surface is allowed. To check this, we used the AIMD approach previously employed in Ref. 10 with the uppermost two layers of the Pd substrate allowed to move to calculate P diss for Pd͑100͒-H 1/2 c͑2 ϫ 2͒ and Pd͑100͒-H 3/4 . For each system we ran 200 classical ͑without initial vibrational zero-point energy, ZPE͒ trajectories with E i = 0.1 eV and the surface atoms initially at rest, i.e., for a surface temperature, T s = 0 K. We obtained P diss = 0.25 for Pd͑100͒-H 1/2 c͑2 ϫ 2͒ and 0.12 for Pd͑100͒-H 3/4 . Together with P diss = 0.62 already reported for Pd͑100͒-H 1/2 ͑1 ϫ 2͒, 10 these results agree quite well with the ones shown in Fig. 3 but it must be considered that higher values would be obtained taking into account the initial ZPE in the AIMD calculations, due to vibrational softening. 26 Thus, AIMD calculations predict a larger reactivity mainly because surface recoil facilitates the molecular trapping for T s = 0 K. Practically, all of these trapped molecules eventually dissociate rather than desorb. This means that the results obtained within the rigid substrate approximation can be regarded as a lower bound for P diss for T s = 0 K. Still, our AIMD results unambiguously confirm the main conclusions of the analysis of the rigid surface dynamics.
Furthermore, using a larger 3 ϫ 3 surface unit cell with ⌰ =5/ 9, 6/9, and 7/9, it was observed that when H 2 dissociates at a single H vacancy, an exchange-like mechanism allows the diffusion of one of the H atoms until it finds an empty adsorption site. 10 If there are no additional empty hollow sites near the one where dissociation takes place, the extra H might also end adsorbed in an octahedral O h subsurface site.
14 To summarize, we have carried out MD simulations to investigate H-coverage effects on dissociative adsorption of H 2 on Pd͑100͒. In contrast with one of the basic assumptions of the widely used Langmuir model, we find that an isolated H-vacancy is enough to spontaneously dissociate H 2 on H-covered Pd͑100͒. We have also found that for a given surface coverage, ⌰, the dissociative adsorption probability at low energies can vary by a factor of five depending on the particular arrangement of H adatoms. We hope this will stimulate further experimental studies for H 2 / Pd͑100͒ with techniques that allow to estimate the sticking probability on surface patches with particular arrangements of adatoms.
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